Transfer of Pantoea citrea, Pantoea punctata and Pantoea terrea to the genus Tatumella emend. as Tatumella citrea comb. nov., Tatumella punctata comb. nov. and Tatumella terrea comb. nov. and description of Tatumella morbirosei sp. nov. Pantoea citrea, Pantoea punctata and Pantoea terrea were described for strains isolated from fruit and soil originating in Japan. These three 'Japanese' species have been shown to be phylogenetically distant from other species of the genus Pantoea. It has been observed previously that, using multilocus sequence analysis (MLSA), the 'Japanese' species consistently formed a distinct clade with an extended branch length, casting doubt on the inclusion of these species within the genus Pantoea. Furthermore, the 'Japanese' species are closely related to Tatumella ptyseos, strains of which originate from human clinical specimens. DNA-DNA hybridization and phenotypic tests confirmed the observed phylogenetic distance of P. citrea, P. punctata and P. terrea from the genus Pantoea and the affiliation of these species with Tatumella. In addition, strains causing pink disease of pineapple, identified previously as P. citrea, were shown to represent a separate species by using 16S rRNA gene sequence analysis, and MLSA and DNA-DNA hybridization data. A table showing the signature nucleotides of the 16S rRNA and atpD gene sequences for the differentiation of Tatumella species from Pantoea species is available as supplementary material with the online version of this paper.
of P. citrea, P. punctata and P. terrea in the genus Pantoea. However, the most recent edition of Bergey's Manual of Systematic Bacteriology (Grimont & Grimont, 2005) states that more taxonomic work is required to justify the assignment of these three species to the genus Pantoea. A recent phylogenetic study of the Enterobacteriaceae revealed an atpD (ATP synthase b-subunit) sequence indel that was specific to Pantoea and Tatumella (Paradis et al., 2005) , indicating a close phylogenetic relationship between these two genera. This was in agreement with the initial suggestion of P. Grimont that the 'Japanese' species might be more similar to Tatumella ptyseos than Pantoea in their nutritional patterns (Kageyama et al., 1992) . The single species genus Tatumella was created for clinical strains isolated in North and South America between 1960 and 1980 . A multilocus sequence analysis (MLSA) scheme based on gyrB (DNA gyrase), rpoB (RNA polymerase b-subunit), atpD and infB (initiation translation factor 2) genes was performed recently on 102 Pantoea strains including the 'Japanese' species and T. ptyseos (Brady et al., 2008) . A concatenated tree constructed from the sequences of the four genes was found to be the most robust approach for revealing phylogenetic relationships amongst Pantoea strains. The MLSA study indicated a clear phylogenetic divergence between P. citrea, P. punctata and P. terrea and the remaining Pantoea species, and confirmed T. ptyseos as a close phylogenetic relative of the 'Japanese' species. It was concluded that the 'Japanese' species should be transferred to the genus Tatumella. A similar study based on multilocus typing of Pantoea species using six protein-coding genes was in agreement regarding the taxonomic position of the 'Japanese' species and also suggested the reclassification of these three species as Tatumella (Delétoile et al., 2009 ).
Isolation of strains
Strains used in this study were obtained from the BCCM/ LMG Bacteria Collection (http://www.belspo.be/bccm) and the Centers for Disease Control, Atlanta, Georgia, USA, and are listed in Table 1 . An alkali extraction method (Niemann et al., 1997) was used to isolate genomic DNA from the strains, which was stored at 220 u C.
16S rRNA gene sequencing
Almost-complete 16S rRNA genes were sequenced for the type strains of P. citrea (LMG 22049 T ), P. punctata (LMG 22050 T ) and P. terrea (LMG 22051 T ), and additional P. citrea strains (LMG 23359 and LMG 23360 T ), which were found to cause pink disease of pineapple (Cha et al., 1997) , using the primers and conditions determined by Coenye et al. (1999) . The sequences were aligned using CLUSTAL_X (Thompson et al., 1997) and the overhangs were trimmed. The MODELLTEST 3.7 program (Posada & Crandall, 1998) was then applied to determine the best-fit evolutionary model. Maximum-likelihood and neighbourjoining analyses were performed using PHYML (Guindon & Gascuel, 2003) and PAUP 4.0b10 (Swofford, 2000) , respectively, by applying the models and parameters determined by MODELLTEST (only maximum-likelihood phylogenetic trees are shown). Bootstrap analysis with 1000 replicates was performed to assess the support for these clusters.
In the 16S rRNA gene sequence tree (Fig. 1 ) the genus Pantoea is split phylogenetically, although this is not unusual as Pantoea has been shown to be polyphyletic (Brady et al., 2008) . The majority of the Pantoea 'core' species are contained in a cluster supported by high bootstrap support, whereas Pantoea dispersa and a Pantoea species from the Brenner DNA group IV cluster amongst Erwinia species. The 'Japanese' species are situated in a distinctly separate clade with a different branch point, also with high bootstrap support. These findings support those of Grimont & Grimont (2005) , based on 16S rRNA gene and rpoB sequence comparisons, that the 'Japanese' species cluster at a lower level to the Pantoea 'core' clade. Interestingly, LMG 7888 T , the type strain of T. ptyseos, clustered closely with the type strain of P. terrea, within the 'Japanese' species clade, prompting further examination of the relationship of the 'Japanese' species with T. ptyseos. The additional P. citrea strains LMG 23359 and LMG 23360 T , which cause pink disease of pineapple, do not cluster with the type strain of this species (LMG 22049 T ), but are found on a separate branch, suggesting that these strains do not belong to P. citrea. The 16S rRNA gene sequence similarity of strain LMG 23360 T was greater than 98 % to the type strains of P. punctata, P. citrea, Pantoea sp. (Brenner DNA group II) and T. ptyseos. gyrB, rpoB, atpD and infB gene sequencing MLSA was performed on all strains, as described previously (Brady et al., 2008) , to provide further support for the reclassification of the 'Japanese' species. Sequence analysis and tree construction were performed as described above. Several Erwinia species were included in the MLSA study and housekeeping gene sequences for Erwinia tasmaniensis, Escherichia coli, Shigella dysenteriae, Klebsiella pneumoniae, Citrobacter rodentium, Citrobacter koseri and Cronobacter sakazakii were obtained from genome sequencing databases (http://www.ncbi.nlm.nih.gov, http://www.sanger.ac.uk, https://asap.ahabs.wisc.edu/asap/home.php). In Fig. 2 , a MLSA phylogenetic tree based on the concatenated sequences of gyrB, rpoB, atpD and infB genes, Pantoea strains formed a monophyletic cluster within the Enterobacteriaceae. This cluster contained two sublineages that were supported by high bootstrap values of 100 %. The first sublineage contains the Pantoea 'core' species including Brenner DNA groups II, IV and V. The second sublineage consists of the 'Japanese' species and the type strain of T. ptyseos. The type strain of T. ptyseos clustered closely with P. terrea strains, specifically with strain LMG 23565 and its duplicate CCUG 30163. This result indicates that LMG 23565 (5CCUG 30163) was erroneously classified and in fact belongs to T. ptyseos. LMG 23359 and LMG 23360 T , two supposed P. citrea strains causing pink disease of pineapple referred to as MLSA group J (Brady et al., 2008) , grouped with LMG 22049 T , the type strain of P. citrea but were situated on a separate branch with a long branch length. This supports the probability that these two strains do not belong to P. citrea, but to a novel species. All species clustered within both sublineages of Pantoea were supported with 100 % bootstrap values. All four housekeeping-and 16S rRNA gene sequences were examined for heterogeneous nucleotides that could be used as signature nucleotide positions to differentiate between Tatumella and Pantoea. Eight signature nucleotides were identified in the 16S rRNA gene sequences that differ between Tatumella and Pantoea. The gene sequences of atpD revealed the most heterogeneity with 23 signature nucleotides, which are conserved in Tatumella species and differ from all Pantoea species. The signature nucleotides for the 16S rRNA and atpD genes are listed in Supplementary  Table S1 (available in IJSEM Online). The Escherichia coli numbering positions were used to designate the nucleotide positions (Brosius et al., 1978;  http://www.ncbi.nlm.nih. gov).
DNA-DNA hybridization
High quality DNA for DNA-DNA hybridization of strains was prepared by using the method of Wilson (1987) , with minor modifications (Cleenwerck et al., 2002) . DNA-DNA hybridizations were performed using the microplate method (Ezaki et al., 1989) with some modifications (Cleenwerck et al., 2002) . The hybridization temperature was 45 u C±1 u C, reciprocal reactions (A6B and B6A) were performed for each DNA pair from all strains and their variation was within the limits of this method (Goris et al., 1998) . The values presented were based on a minimum of four replicates. Representative strains from each 'Japanese' Pantoea species were selected for hybridization based on the 16S rRNA gene and MLSA phylogenetic trees. The type strains of the 'Japanese' species were hybridized with each other, and with the type strain of T. ptyseos, their closest phylogenetic neighbour, as Novel Tatumella species well as with the type strains of Pantoea agglomerans, Pantoea ananatis, Pantoea vagans, Pantoea stewartii subsp. stewartii and P. dispersa. A summary of the hybridization results is presented in Table 2 . The DNA-DNA relatedness between P. citrea LMG 22049 T , P. punctata LMG 22050 T and P. terrea LMG 22051 T ranged from 13 to 21 %, which was considerably lower than the 28-43 % reported by Kageyama et al. (1992) T . These results are in favour of the reclassification of strain LMG 23565 (5CCUG 30163) as T. ptyseos and confirm the close phylogenetic relationship between P. terrea and T. ptyseos, observed in both the 16S rRNA gene and MLSA phylogenetic trees (Figs 1 and 2) . The DNA-DNA relatedness between the type strains of the 'Japanese' Pantoea species and the type strains of P. agglomerans, P. ananatis, P. vagans, P. stewartii and P. dispersa was below 10 %. These low hybridization values were also reflected in the phylogenetic distance between the 'Japanese' species and the Pantoea 'core' species in both Figs 1 and 2.
DNA G+C content
The DNA G+C content of the type strains, determined by HPLC (Mesbah et al., 1989) , were as follows: P. citrea 
Phenotypic assays
Differences between the Pantoea 'core' species and the 'Japanese' species have been noted previously, not only phylogenetically but also phenotypically (Grimont & Grimont, 2005; Delétoile et al., 2009) . API 20E, API 50 CHB/E, Biotype 100 (bioMérieux) and GN2 MicroPlate (Biolog) tests were performed on all Tatumella and Pantoea strains used in this study, to verify that the phenotypic data agree with those available in the literature. Cell suspensions were prepared from strains grown on tryptone soya agar (Oxoid) for 12 h. All phenotypic test strips and plates were incubated for 24-48 h at 28 u C, except the Biotype 100 strips which were incubated for up to 6 days. Scoring was performed according to the manufacturer's instructions. Phenylalanine deaminase activity was determined by adding 10 % aqueous FeCl 3 to 24 h cultures grown on (D)-phenylalanine agar (Merck). The development of a green colour indicated a positive reaction. A high correlation was observed between the phenotypic results generated in this study, the phenotypic data presented in Bergey's Manual of Systematic Bacteriology (Grimont & Grimont, 2005) and the original species descriptions of P. citrea, P. punctata and P. terrea (Kageyama et al., 1992) and T. ptyseos . T. ptyseos and the 'Japanese' species could be distinguished from the genus Pantoea by means of a positive reaction for arginine dihydrolase (except P. terrea and T. ptyseos) and 2-ketogluconate dehydrogenase, their inability to produce acid from arbutin, myo-inositol and L-rhamnose and their inability to utilize D-galacturonic acid, D-glucuronic acid, myo-inositol, methyl b-D-glucoside, Lrhamnose, D-sacccharic acid and meso-tartrate (except T. ptyseos). A summary of the most useful phenotypic and biochemical characteristics for differentiating T. ptyseos and the 'Japanese' species from Pantoea species is presented in Table 3 . Table 3 was assembled using data generated in this study (except for DKGA), of which the majority agreed with that published previously.
A summary of biochemical and phenotypic characteristics that can be used to differentiate between T. ptyseos, the 'Japanese' species and the pink disease-causing strains LMG 23360
T and LMG 23359 is given in Table 4 . The strains causing pink disease of pineapple could be differentiated from P. citrea by means of a positive phenylalanine deaminase reaction, acid production from starch, their ability to utilize adonitol and trigonelline, and their inability to utilize gentiobiose and lactulose. P. terrea could be differentiated from T. ptyseos, its closest phylogenetic neighbour, by means of a negative phenylalanine deaminase reaction, the ability to utilize formic acid and pyruvic acid methyl ester, and the inability to utilize quinic acid and L-tartrate.
A selection of 50 phenotypic characteristics was used to construct a UPGMA dendrogram (Fig. 3) in PAUP 4.0b10 (Swofford, 2000) . The dendrogram showed a clear distinction of T. ptyseos and the 'Japanese' species from the Pantoea 'core' species, lending further support for the reclassification of these three species in the genus Tatumella, and the description of a novel species for the strains causing pink disease of pineapple.
Conclusions
The many previous rearrangements observed in the 'Erwinia herbicola-Enterobacter agglomerans complex' were, Novel Tatumella species for the most part, based on DNA-DNA hybridization data, biochemical characterization and protein profiling. When P. citrea, P. punctata and P. terrea were described as belonging to the genus Pantoea, molecular techniques such as 16S rRNA gene sequencing and MLSA were not readily accessible. With rapid gene sequencing now a reality, it is possible to observe true phylogentic relationships and to resolve evident taxonomic issues.
The 16S rRNA gene and MLSA trees showed a clear division of the Pantoea 'core' species from the 'Japanese' species and T. ptyseos. Furthermore, MLSA group J (strains causing pink disease of pineapple) was shown to cluster independently from the type strain of P. citrea in both phylogenetic trees. These results were supported equally by DNA-DNA hybridization values, which shared a high correlation with MLSA data (Brady et al., 2008) , and phenotypic data. Although the genus Tatumella is reported to have few distinguishing phenotypic properties (Farmer, 2005) , a number of biochemical characteristics were identified that are shared by the 'Japanese' species and can be used to differentiate these species from Pantoea (see Table 3 ).
An important characteristic that distinguishes P. citrea, P. punctata, P. terrea, T. ptyseos and MLSA group J from Pantoea species is their ability to produce 2-ketogluconate dehydrogenase, which oxidizes 2-ketogluconate to DKGA. The production of DKGA is responsible for the discolouration of fruit tissue typical of pink disease of pineapple (Pujol & Kado, 2000) , and therefore plays an important role in disease expression. Noticeably, not one Pantoea 'core' species has this ability (Bouvet et al., 1989) . Several objections for not including the 'Japanese' species in the genus Tatumella were stated in the original description, despite a personal communication from P. Grimont suggesting that the 'Japanese' species were phenotypically similar to Tatumella (cited by Kageyama et al., 1992) . These included acid production from D-xylose and Larabinose, arginine dihydrolase and phenylalanine deaminase activity, methyl red and Voges-Proskauer reactions, (3 strains); 6, P. agglomerans (3 strains); 7, P. ananatis (4 strains); 8, P. anthophila (2 strains); 9, P. deleyi (1 strain); 10, P. dispersa (2 strains); 11, P. eucalypti (2 strains); 12, P. stewartii subsp. stewartii (1 strain); 13, P. stewartii subsp. indologenes (2 strains); 14, P. vagans (7 strains). All data presented were generated during this study, except for 2-ketogluconate dehydrogenase for which the results were taken from Kageyama et al. (1992) and Bouvet et al. (1989) . +, Positive; 2, negative; (+), weakly positive; V, variable reaction; ND, not determined. aesculin hydrolase activity, citrate utilization and lower DNA G+C content. However, closer examination of all available data revealed that all taxa were positive for acid production from D-xylose and L-arabinose, methyl red and Voges-Proskauer reactions and citrate utilization. T. ptyseos and P. terrea are both negative for arginine dihydrolase activity, whereas P. citrea and P. punctata are both positive. The DNA G+C content of T. ptyseos was 51.7-52.1 mol%, which is slightly higher than those of the 'Japanese' species, which range from 49.8 to 52.8 mol%. However, the DNA G+C contents of Pantoea 'core' species ranged from 53 to 61 mol%, which is considerably higher. Therefore the current data, both phylogenetic and phenotypic, support the transfer of the 'Japanese' species from the genus Pantoea to the genus Tatumella.
We propose to transfer P. citrea, P. punctata and P. terrea to the genus Tatumella as Tatumella citrea comb. nov., Tatumella punctata comb. nov. and Tatumella terrea comb. nov. We further propose Tatumella morbirosei sp. nov. for strains LMG 23359 and LMG 23360 T , the causal agent of pink disease of pineapple.
Emended description of the genus Tatumella Hollis, Hickman & Fanning 1982
Tatumella (Ta.tum.el9la. N.L. fem. dim. n. Tatumella named to honour Harvey Tatum, an American bacteriologist who made many contributions to our understanding of the classification and identification of fermentative and nonfermentative bacteria of medical importance.) The description below is based on the data of Hollis et al. (1981) , Kageyama et al. (1992) and this paper.
Gram-negative, non-capsulated, non-spore-forming small rods that are 0.6-1.260.9-3.0 mm in size. Cells are motile by means of polar, subpolar or lateral flagella or non-motile at 36 u C. Facultatively anaerobic, fermentative, catalasepositive (weak and slow) and oxidase-negative. Nonpigmented, or pale beige to pale orange. Glucose dehydrogenase, gluconate dehydrogenase and 2-ketogluconate dehydrogenase are produced. Reduce nitrate to nitrite. Indole, urease and gelatin tests are negative. Positive for VogesProskauer (Coblentz), methyl red and citrate (Simmons); phenylalanine, arginine dihydrolase and ONPG tests are Description of Tatumella citrea (Kageyama et al. 1992) comb. nov.
Tatumella citrea (ci9tre.a. L. fem. adj. citrea belonging to the citrus tree).
Basonym: Pantoea citrea Kageyama et al. 1992. Cells are Gram-negative, short rods (0.8-1.261.0-3.0 mm) occurring singly or in pairs, non-motile and non-sporeforming. Colonies are pale beige to pale orange, round, convex and smooth with entire margins. Nicotinic acid or nicotinamide are required for growth. Facultatively anaerobic, oxidase-negative, catalase-positive and glucose dehydrogenase, gluconate dehydrogenase and 2-ketogluconate dehydrogenase are produced. Indole, urease and phenylalanine deaminase are negative, whereas arginine dihydrolase is positive. Reduces nitrate to nitrite. Acid is produced Description of Tatumella punctata (Kageyama et al. 1992) comb. nov.
Tatumella punctata (punc.ta9ta. L. n. punctum a point; N.L. fem. adj. punctata full of points).
Basonym: Panteo punctata Kageyama et al. 1992. Cells are Gram-negative, short rods (1.1-1.261.3-2.3 mm) occurring singly or in pairs, non-motile and non-sporeforming. Colonies are pale beige to pale orange, round, convex and smooth with entire margins. Nicotinic acid or nicotinamide are required for growth. Facultatively anaerobic, oxidase-negative, catalase-positive and glucose dehydrogenase, gluconate dehydrogenase and 2-ketogluconate dehydrogenase are produced. Indole, urease and phenylalanine deaminase are negative, whereas arginine dihydrolase is positive. Reduces nitrate to nitrite. Acid is produced Description of Tatumella morbirosei sp. nov.
Tatumella morbirosei (mor.bi.ró .se.i. L. n. morbus disease; L. adj. roseus rosy pink; N.L. gen. n. morbirosei of the pink disease, referring to the causal agent of pink disease of pineapple).
Cells are Gram-negative, short rods (0.8-1.261.0-3.0 mm) occurring singly or in pairs, non-motile and non-sporeforming. Colonies are pale beige, round, convex and smooth with entire margins. Facultatively anaerobic, oxidase-negative, catalase-positive and glucose dehydrogenase, gluconate dehydrogenase and 2-ketogluconate dehydrogenase are produced. Indole and urease are 
5CMC6
T ), was isolated from pineapple in the Philippines.
